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1.0 Introduction

This proposal is 2 continualion of a project which began in A_gust
1986 under the ti:e. "Reliaziiity of Small Gecmetry VLSI Cevices

Microelectronics" which supported the SDI initiative uncer Reizble
Advanced Eiectronics. The SDIO agent for the prcject has been Dr.
Cliffcrd Lau and the CNR techinical officer has been Dr. Al Gocdman. The
goal of the project, in a broad sense, is "o perform exploratcry resszrch
into the physics of carriers in silicon inversicn layers with a fccus on
the issues which afiect the rsiiability of small geometry VLSI devices

This project permits us to study the physical eiectronics of s:.ccn
surfaces anc the overlying insulators, therety provicing exceilent -cels
for graduate research and education. We are zware cf the specific r.eec‘s
of the SDI missicn end the way the above rssearch transiaies intc the
project neecs. In the proposec preject we siress the application cf this

research to the arez of Wafer Scale Integraticn whnere reiiability and
fault tclerance are xey issues ‘cr the SOI grogram.

The exiensive signal prccessing anc dz:a sicrage rscuirec o
implement high-resciciicn. sensor-tased sysiems demands nat suong

consiceraticn be given to the area cf sysiem and ccmponent religciiity.
At the comconent level the issues revoive arcund :fhe reliabiiity cf ihe
scaled MOS Transisicrs with nancmetric fzaiure sizss. One mpcrant
area is the suscepiinility c¢f the gate insulator to (1) hct elecuen
trapping, (2) premature dieieciric breakdown., and (G) space raciaticn
envircnment consideraticns which can limit the MTTF of the SDIO
missicn. This reguires an examinaticn cf the basic gate cieiectric and
there is wuntmg sirong evidence ‘fcr :he renlacement of he

conventicnal cxide oy an CNC-type dielectric his cielectric has ceen
empicyed cuite successt ulv in Lhe sorcge capaciior of nigh-censity
DRAM's anc the inwer-pciy cieieciric in ficating-gate eEFPRCM's.  Mcre

recently, a number c¢f researchers have argued fcr the use cf CNO
dielectrics as the hbasic gate nsulator in nancmetric MCS devices fasec
upon ts immunity ¢ hct carrier trapoing and increased cieieciuiC
breakcown atiributes. In :he oprevious SOI grogram we were ace «©
maka contricuticns ‘¢ the uncersianding of CNO cielecrics T1] as we
as grcw exiremely ~igh cuaidly. 'ultra-ciear.cry' hermal cxiCe avers
on the siliccn surface 2.

A secorc ssue ar ~e SCI -~eed ‘cr cw-2cwer.

high-censity. norvc atie czaa sicrge wm nCncesiruclive reaccu:
(NDRQ), raciation cierance arc immunity ‘0 sirgie event upse:s {SeU's!

In this area we have pericrmed research on 3 lcw voitage. 2iectricaiy
reprcgrammable, ncrveiatie semiconducicr memcry cevice callec the
SONCS transistcr. We have cemonsirated programmaniiity at SV leveis
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and we have initiated a technology transfer effort to the Westinghouse
Electric Corporation's Acvanced Technology Division in Baitimecre, MD.
In addition, we have had active discussions with SIMTEK, in Ft. Collins,
CO. to provide a technolcgy transfer of low prcgramming vcitage SONOS
memory cells for high censity nonvoiatiie memories. The research in
this area has allowed us to understand the basic operation cf charge
transport and storage in multi-dielectric nonvolatile memory devices.
We have performed charge separation in the erase and write modes for
both electrons and holes on the same device structure with a dual
channel SONQS structure [3]. The proposed continued research in these
areas emphasizes the importance of electrically-reprcgrammable,
nonvolatile semiccnductor memory devices fer (1) high-density memory
and (2) 'links' for faulit-tolerant Wafer Scale Integration. The system
reliability aspects in SDI will be enhanced with the development of such
electrically-reprogrammaple links to provide self reorganization and
restructuring of the data paih through these control 'links'. The large
amount of cdata teken by the SDI sensors ard the need to maintain a
continual uodate cn the positicn of multiple targets puts a high demand
on the system reiiability ancd the need for fault tolerant architectures.
An electricaily-repregrammactle, non-volatile, 'link' weould play a major
role in insuring system reliability and offering the means to achieve an
adaptive and self-restructuring data flow for fault tolerant cperation.

The anticipated payoff of this research is both basic and practical.
The basic for fundamental poriion concerns the understanding of charge
trapping in dielectrics and their influence on device reliability (i.e the
componrent level). The praciical or applied portion has a direct impact
on the formaticn of a highiy reliable gate insulator for the nanometric
small gecmetry MOS Transistors and the realization of nonvolatile
semiconducicr memory devices. These devices will play a major rcle in
Reliable Waler Scaie Integraticn because the scaled MOS Transistor are
the 'core’ e:ements of the signal processing in the SDI sysiem, while the
nonvelatile SONOS semiconductor memory devices can serve as racdiation
hardened ~ign-density memcries and electricaily-repregrammable 'links'
to provide ASIC cells for acaotive fault tcierant system architeciures.
The final caycff in this research is the ecucaticn of gracuate stucents
for the micrcelecironics incusiry. During the grevicus CNR-SOI program
we gracuatec 4 Ph.D. studenis who are now werking at IBM T. J. Watson
Jr. Researcn Laberatory in Yerktown KHts., N.Y.. Motorcia in Ausiin, Texas,
Wafer Sca:2 Integration in Cucertino, CA., IMEC in Leuven, Belgium. At
the presert :ime, we have 2 other Ph.D. stucents, supocried under the
ONR-SDI crcgram. completing their Ph.D. dissertations arc they expect
to gracuate n the near future.
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2.0 Technical Progress in the Previous ONR-SDI Program

In this section we will celail our experimental and thecrefical
investigations during the previcus ONR program. The basic OOJeClee of
this program, as stated in the introduction, is to perform expioratory
research into the physics of carriers in silicon inversion layers with a
focus on the issues which aifect the reliability of smail-geometry
micrcelectronic devices with nancmetric dimensions. Specific ¢cals of
the previous program focused on,

* Ultra-clean gate cxication studies
Nonvolatile semiconcuc:cr memory structures
* MOSFET mcdeling at cryogenic temperatures
* |rradiaticn and hct-carrier induced defects
* Multi-dielectric ONC c¢ate insulater

»

These studies wera conducied ‘¢ acdress three areas which impacied
the foilowing neecs cf the SCI missien:

(1) High reliability gaie insulator to prolong the SDI
missicn  lifetime

(2) Increased carrier mobility to improve the functicrai
thru-put rate and signal processing speed.

(3) Nonvoiatiie semiccncuctor memroy devics with icw
voltage programming and compatibility with raciat
ion hardened CMCS VLSI technclogy for high densi
data siorage.

The scecific accomplishmen:s. which will be described in cei@i in the
icillowing secticns. are

’ 3 new. nonveolar’e semiconducicr memery Levice
consising of a cuzai-channel SCNQOS cev.ce to or
vice crarge secaraicn under erase and write orC-
gramm.ng voitacss.

[ 2o P
-

* 3 new method ¢ crciiie the tracoed charge in &
“onvc.atile semiccrcuctor memery cdevice base
2oon an analysis ¢f the cnarge retention eatu
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* a new apprcach o modeling interface *raps in
Quantized MOSFET .nversion layers wiih the use
of tri-level charge cumping. Quantiza:ion eifects
were cbserved with the use of substirate bias.

" a new theory for the 2D capture cross secticn of
interface traps. This theory accounts for the dis-
crete energy states n the conduction band caused
by the Quantizaticn ¢f electron motion normal to
the silicon surface. Tne energy depencence cf the
20D capture cross sscticn was determired for both
glectrcn and hole caoture processes.

" a new theory of nct electron trapping in gate cxides
has been developec which combines Pcele-Frenkel
and Hot Carrier tracoing into the enercy-balance
eguaticn. Experiments were carried cui with a new
veriical-field. buriec channel, hot carrier injector
siructure to orovice very low electric fields in the

gate insulater. Ultra clean/dry oxides were used

~

in the siudies.

" an analytical mocei was developed for the electric
field in vicinity of the drain junction of a MOSFET.
The results c¢f this model are applicabie to the LDD
MQOSFET device which is employed to minimize hct-
carrier trapcing in gate dielectrics.

" a new methec was ceveloped to exirac: meceiing
parameters ‘or MOSFETs with muiti-cieleciric gate

insulaters (e.z. the CNO ‘ype).

2.1 Nonvolatile Semiconductor Memorv BResearch

In this secticn we descrice the research ceriormed in the area cf
ncnvolatiie semiccncucior memery devices.  T:oe siuCent researchers in
this area were Frank Lbsch. Anircan Roy ancd _mesh Sharma who have
recgived their Ph.D. cecrees and are now working ‘or .Z.M.'s T. J. Watscn
Sesearch Lab., Wazfer Scale Integration anc Mectercla-Austin,
respectively.  This secticn cetaiis the werk ¢f these researchers and
their contributions to :he uncerstanding of the scaling of the SONOS
ncnvolatiie semiconcucior memory device.




2.11 Characterization cf Scaled Low Voltage SONOS Devices

A Mccel, based c¢n two carrier concuction ‘elecrrons anc hcies; z: zcih
injecting bcoundaries (semiconcducicr bulk ard gate electrcde) nas
developed to interpret the ERASz. WRITE/ characteristics of scaied SCNOS
cevices. The amphoteric statisiics in this mcdel cescribe the pesitive and
negative charging cf the deeg-evel traps in the nitride 'memcry’ ‘zyer.
SIMINOS (polysilicon[metal]-cxice-nitride-oxice-semiconductcr) iransisicrs
and capacitors with the bction {"‘Lnnei') oxide layer thickness arcund 20
the final nitride layer thickness celcw 100A, znd the tocp ('biccking’) zxice
layer thickness beiween 35-50 A. have beer ‘abricated and characierzsd.
Tre moce! is consisient with the experimentai data which provices :
insight into the mechanisms ¢’ charge injeciion, transpcri and o
during the ERASE'WEITE operzaiicn. Lattice ‘macing eleciron micrcsccoy
(TEM), =eilipsomeiry. eieciricai capacitance. anc chemical sich cack
‘schniques have been used :2 cetermine scaied SIMICNCS ma:isria
parameters. The linear vcitage -2mp technicie [ 4 ), which sim.iarnscusly

measures :ne ilatband vecitace :3nift and ssocarales the chargss at the

(V4]
wn O
i ]
<
)
O
1)

and threshoid moritcring [ 6], w-ich measure TRASE-WRITE. reierticn zna

ercurance cperaicns., nave besn smoleyed o electicaily cnaracterizz the

scaled SIMJONCS cevices. Fig. _ilusirates me saturated ilaibanc memcry
< cefi

window for the scaled MONQS cevice where trs crcssover time |

the start time cof oulsed memcery window ava:zdility. Fig. 2 illusirates he
dvramic programming of these csv'ces where he crcssover me s 1.2 TS
with the fiathand memcry windew cantered at -* .4V ‘cr a -5V 10Cms E=ASE

and a +ZV 10 ms WRITE cperation.
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We have cemcnsirated a ciiferentiai, saturated ERASE/WERITE flatband
shift of 3.8V with a Ccifferential 5V prcgramming voltage fer zcaled-ccwn
SIM]JONQOS cevices with dimensicns of 2CA for the funnel oxice. ZCA for ‘he
nitride and 35A fcr the blccking oxide. With 5V saturated E=ZASE'WRITE
programming voitages and 10% ERASE/WRITE cycies, exirapoiaed retention
gives a projected 10 year 0.5V memory window at rcom temperaiure (7. Fig.
3 illustrates the 'zero bias' retention characteristics of a MONCS cevice and
the associated energy band diagram to show the discharge ci the siored
charge in the 'memcry’ traps. Tne turn-cn voltage of the scaied MONOS
cdevice is obtained through the ecuation,

V, =V, + [2lgg 01172 )

where B = u(WL)C_, and

N>

Voo =Vog +20: 5+ 120, + Vgg)' 2

represents the cevice thresncic voitage with 1 = {2Kg aNg}’ = C,, as he
body-effsct facier. Thus. the charac:sristics of rig. 3 are snifled in the
positive cirecticn {at Vgg = C) -y apprcximately 2V fcr the {urn-cn voitage,
V., which makes ‘he characterisics appear mcre symmetrical atcut Vg = 0.
These MONOS cevices have ihe best ESASE:WRITE electrical characteristics
reported to date for scaled cdieiectrics and we aitribute the resuits to the
optimization cf the insulator thicknesses as weil as control cver the irap
density within the nitride fim.
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In acdition, these devices have cisplayed excezllent resisiance ¢
ionization radiation where fast interface traps are not generaied up to 1
Mrad (Si) Cof? gamma dose [ 8] Thers is a small build-up in the bulk
insulator which saturates with dose and the effective electron mcbility is
unaffected by the radiaticn. Fig. 4 iilustrates the C-V characierisiics cf a
SONOS device before and after irracdiation where a +5V bias has been
maintaired to maximize the amount of siored charge. Fig. 5 shows the
measured mobility before and after irraciation and there is no indication of
Cetericration.  Simulations indicate the charge distribution in the ¢ate
irsulater [ 9] must lie within 25A of the Si-SiO, for mobility ceterioraticn
with maximum deterioration when the charge distribution lies in the pian
cf the interface. There is very littie experimental evidence c¢f interfac
trap builc-up in these SONOS devices arc a mocel has been precoesed which
relies cn the immobility of prcicns tc ceretrate the nirride insulaior [ 81

[40]

[
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2.12 Dual Channel SONOS Device for Charge Separation

atirg fiims ¢n

Tne charge transpcrt and trapoing croperies cof irs:
F and memcry

semiccrcuctors are related (o reliabiiicy croblems in \108:—5 'S
rcoertes of nonvolatile memcry cevecss.  Ph yc.cal.v based device mcce:
ecuire delineation of eiecircn and hcie Zrocesse Lntil ref‘e”'ly glecurcn
nd hc'e charge separation at the semconCuc.or-énsuiafcr irieriace na
een rasiricted on care btias pclarily because of mincrity carmer
reccmiination-generaticn at the siliccn surface [4]. We nave, for the “irs
time, csmcnstated a cdual chanrel trarsisicr accomplishes eiecircn anc ~cie
charge separaticn on the same micrcsiructure for bein ga:e pciarities woich

(I)

“T)

—~
[

oy

e
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obviates the need focr ccmplementary transistors and assumptions of
identical dielectric and interface properties for the transisicr pair. ‘We
have applied this new approach to the study of scaled dieleciric
oxide-nitride-oxide (ONQO) memocry devices and their charge trapping
characteristics [ 3]. Figs 6 and 7 illustrate the single (surface channel) and
dual-channel (surface and buried channel) SONOS nonvolatile memory device
structures and their respective linear voltage ramp (LVR) or quasi-static
C-V characteristics. We can see charge separation for back-tunneling
electron current, i, is not possible with the surface channel structure

because the electrons recombine with holes which are existent in the
surface accumulation layer. These electrons do not have * 2 to mcve
laterally along the channel to be collected by the source and c.ain juncticns.
Electron back-tunneling is evident in the dual-channel do the efficient
collection of electrons by the buried-channel.
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i3) [sometnc view of the Judi-cnanne: transistor structure ¢ 192 um
x 54 um) from water 82 dunng "he LVR measurement. ib: Electron
and hole currents from the LVR measurement on a dual-channel device
‘rom warer 82. Curves are corrected for pamasitics.

ra) [sometnc +:ew of the n-channet SONOS transistor dunng LVR
measurements. (b Slactron and doie currents corrected for parasiics in
a LVR measurement 2f 1-channel iransistor from wafer 53
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The cperaticn of the dual chanrel structure is illustrated in F'¢. 3 uncer
oositive and negative gate bias conditions. We see uncer positive gae bias
the electrons can be supplied by the buried channel while back-tun nreling
holes are collected by the subsiraie. Ccnversely, under negative gate bias
the heoles are supplied by the surface channel while back-tunneiirg e!ectrcns
are collected by the buried channel. Thus, efficient charge seonaration is
possible under both bias conditions and the charge centroids of both carrier
types may be estimated.
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Flg. B_ Enerzy bund Jiagrams of 3 dual-chunnei SONOS iransistor under
1) POSItve gute Dias ind DY AeCulv D J3iC S,

2.13 Tunneling Spectroscopy of SONOS Trapped Charge 10!

An anaiytical model for the extraction of the spatial trappec charge in
silicon nitrice nas been formulated with amphoteric trap siatsics. Tne
model inciuces he energy disiributicn of iraps in the nitrice arc the time-
discersive tunneling transiticns ‘rcm these nitrice fraps. We have 2xamired

arge less frcm sub-1C0A nitride fiims with MONOS memory cevices at
110K under different gate bias corcitions. If MONOS retentcn cama is aken
such that :he silicon suriace is maintained in a depleticn wezak-inversicn
oncition with & suitably selected cate voitage. then the orirary cnarce
loss mechanism ‘n the retention moce of oceration is 2ack-unneiing of
charge frem the nitrice tracs ‘nio the siicoen bands.  The actual charg
distributicn in the nitrice is a ‘unciicn cf the charge injecicn ana rapoing
during the ERASEZ WRITE cperaticn as Modified Fowier-Ncrche m tunnelirg
of electrens int0 the nitrice generai@s a non-uniform spatal cisiributicn of
trabped charge icr an assumed spatially uniform trap density in e nitrice.

®
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The charge trapoing in siliccn nitride is very efficient which leads to the

atile memory characteristics in SONOS devices. Cne mem nery

siae correspends to excess elecrons in 'he nitrice while the c:her mer“cry

state describes a conditicn of excess

There are wo ccssibilites to

explain the 'charging' behavior of silicon nitride fiims:

(a) Non-interacting, close-compensating dencr and &accepicr traps
which are present in densities of more than 10°2 /cm3 and each
trap has one transition energy (E;) and 2 charge states (D+, D).

(b) Amphoteric traps which have 3 charge siates (D*, D7, D°) and

2 transiticn energies (E;g, E7a)-

U

Thnere is ccnsiderable controversy ave

which Ccescripticn rescresents the

actual stcrage of charge in the nitrice, however, we have taken ihe apprcach

wnich leads to a single atemistic crigin, ramely, the amphcteric trap mccel.

Fig. 9 illustrates the twc possibilities for trap mccels in the siicon nitricde
arc Fig. 10 cescrices the emissicn procecses for ‘rapped eleciens ai zero

gate bias for zn amphcteric tras mecel.
considered the back-tunneling from

In

our moce: cevsicpment we
negatively charged trzos arnd we

sugressed the Pccle-Frenkel cr ‘f‘e"m:lly assisied deirapcing into th

nitride by recucing the temperature.
experimental conciticns {i.e. gate bias during reteniion) to exciuce injectien
of holes to the neutral traps.
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~4
—-a

Fig. 11 illustrates biased rziznticn caia for a p-channel MCMNCS device
cperating under depletion/weak-nversica and Fig. 12 shcws re spalia
cistribution of the initial trapced elecircrs in the nitride. An araiytical
expression for the threshold cecay raie has been derived anc with a
polynomial fit to the retenticn cdata we have extracted the initial e'scircn
trap distribution. For a 20A turnel cxice, 87A nitride and 5CA biocking
oxice MONOS memory transisior the retention data yielded a spatial
distribution of negatively charged traps which linearly increased from the
tunnel oxide interface into the nitride bulk saturating about 20-30A inic the
nitride.
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Flg. 1 1 immnal threshoid voitage ~ 1.5V lgher than in Fig. ¢ and Fig 12 different orders of poiynomiai 3t ¥ =4 an¢ V=38 and

bias veitage of IV single acceptor ‘eve: 1.9eV.

2.2 Interface Trap Modeling in Quantized MOSFET

Inversion Lavers (..

The work descritec in this secticn wes done by Richard Siergiej whc s

cermpieting the requirements fcr 2 Ph.D. at the present time. In highly cccec
n-channel small gecmetry cdevice the ccrduction band is guantized nic
ciscrete energy leveis when he cnanrel is inveriec. In acciticn, he

carriers are localized spatially anc :he centroid of cnarge is a finie
distance away frcm the Si-S:0, inwierfzce.  Thus. an electren in fllec

1
@
Q

interiace trap will emit o the first aicwed energcy ievel, knocwn as ne
grcurd s:ate, which resices 50 meV abcve the surface conducticn tanc
nergy ‘evel for decring densities cf 10°" atoms/cm3. Bulk poterrai tias
wiil charnge the degree cf cquantizaticn anc must be inciuded in a mcciiied
thecry tc extract the emissicn times and capture cress section vaes for
interiace traps. We have extencded the Shockley-Reac-Hail (SRH) thecry 0
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include two-cdimensional suriace quantization effects and formulate the
statistics to acccunt for localization ¢f conduction band charge in bcth
space and energy. The interface trap emission characierisics may be
obtained with an eclectricai measurement called the ‘tri-ievel charge
pumping technicgu2, which cifers a convenient method to siudy emission
from interface iraps to quantized conduction band states. Measurement
techniques of cuasi-static C-V, high-frequency C-V, drain current, and
charge pumping are used to characterize the interface. Tri-level charge-
pumping measurments on large (100um x 10um), highly doped MOSFET's
provide experimental evidence of two dimensional effects and extracied
electren capture cross sections are found to be an order of magnitude larger
than values obizined from classical theory.

2.21 Inversion Laver 2-D Quantization

The band cizgram for a wo-dimensional Si-SiO, system is shewn in Fig.
13. In the ¢sreral probiem of surface guantization in (700) siiicon, iwo
sents of subbarcs are focrmed due to the asymmetric properiies ¢f the doubdiy
degenerate energy ellispscids along the k. axis and the four-‘old degenerate
eilipsoids along x, and Ky 3 2. The lcwest subband is formed from the doubly
degenerate eilicscids and is cailed the ground state. The levels E;, E,, and
E, are due tc \ne coubly degenerate energy ellipsoids in k-space while the
E,! level is the cround state for the four-fold degenerate ellipsoids.

~

e
/,:— E.
E
E.

Fig._13 The Twoc-Dimensional Si-SiO, System

..“-".
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2.22 Tri-Level Charge Pumping Technique

The experimental technigues employed to analyze the 2-O inversion layer
effects involve a new measurement method called tri-ievel charge pumping.
The automated measurement setup is shown in Fig. 14 which consists of a
menu-driven charge-pumping program on the HPS000 computer. Pulses are
supplied from the HP8115A pulse generator to the gate of the device under
test. Charge pumping current is measured with a Keithley 616 electrometer
and an HP59313A A/D converter. Bulk bias is supplied with the HP4145A.
The gate waveform is illustrated in Fig. 15 together with the data obtained
from the electrometer measurement of the charge-pumping current. The
substrate bias creates a change in the emission times and this is shown n
Table 1. The experimental results may be explained with the quantization of
the inversion layer into subbands and the electron and hole emissicn times
are extracted as shown in Fig. 16. This method offers an excellent means to
obtain the emission times and the capture crcss secticns of both carrier

types fi 1.

HP8115A

Pmmmablc o o N o T oy S L R
Puise - -
Generator

Device
Under —

Test |

- Keaithley 616
ElecTometer

EPS931ZA
AD

Fig. 14 Automated Charge Pumping Measurement Set-Up
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2.23 Two-Dimensional Capture Cross Sections

In the past, researchers had considered emission and capture
processes to occur from the conduction band edge to the energy of the
interface trap as shown in Fig. 13 (13]. An analysis of the 2-D capture cross
section for electrons in the inversion layer yields

elEcs—Es+AEo)/kT

7a(2D) =
7n(2D) TN (2D)

where

e

9rq

3 , . o
2ﬁ )%(8K )312K,e,,q1V3(2¢;- - VSB)]; = a(2¢F T VSB)
my P

AE; = ( (4)

frcom the conduction band ecge anc the surface
electric field is determined by &, = (Q5+ Qinv)/K, e, The grourd state has a
substrate bias dependence and this is seen in the ratio of the emission
times from an interface trap to the ground state in the corducticn band. |If

~

we combine equations (3) and (4) we obtain the expressicn

is the ground state splitting

ln(':% = fj—"{(?qﬁ;' + Vsar)d — (24 + Vsaa)3]. (5)

We can extract the capture cross section depencdence cn trac energy and
measure such cross sections cicse to the edge of the conduction band at
reduced temperatures.

Taple |
Experirental and Thegreticai
Quartizgtion Results
= T
Substrate | Emission & Eo In( m)
Bias, (V) | Time, (s) | (V/em) | (meV) eqn (26)
0 1.1x10"% | 1.6x10° | 49 | Experiment | Theory
1 1.9x1074 | 2.4x10° | 64 .55 .58
2 3.0x10* | 3.0x10% | 73 1.0 97
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The emission times of elecirons and holes are equal at an energy level
called the pinning level , E;5, [14] which is given as
kT

AE,
Ero - £, =~y 22y . 50
e 2 n(d,)T 2

(8)

We find the capture cross sections for electrons and holes are almost
constant with energy over the middle of the energy gap with 0,(3D) = 10°'8

cm? and 0,(2D) = 10°'3 cm2. The latter are typical for coulembic trapping

centers and appears tri-level charge pumping probes neutral interface traps
in the upper haif of the bandgap cver the range of energy levels studied. The
small capture cross sections fcr hoies in the lower part of the gap indicates
charge pumping probes doncr-iike (positively charged) interface traps.
Thus, over the limited range cf energies studied with this technique at room
temperature, a simple doncr-iike interface trap model can explain the
observed behavior of the capiure cross section cata. Supsiitution of the
data obtained in the experiment for electrons and hcle capture cross
sections gives Eqp - E, = -85 meV, which is in gocd agreement with Fig. 16.

2.3 Hot Electron Trapping in Gate Oxides

Hot electron trapping in gate insulators is a reliabiiity problem
associated with scaled MOSFET's. In other instances, channel hot electron
(CHE) injection into a gate coxide is employed to electricaily program a
floating gate nonvolatile semiconductor memary device. In cur studies we
have addressed several issues, namely, (1) the growth cf uitra clean/dry
oxices with low latent defects. {2) the development of a consistent theory
of hot electron trapping in gate insulators which covers a wide range of
oxice electric fields, and (3) the creation of novel ‘est structures to
examine and model hot carrier trapping in gate insulatcrs. The work
performed in this section is the research of Sukyccn Yocn wro /s ccmoleting
the requirments for a Ph.D. at :he present time.

2.31 Ultra Clean.Dry Triple Wall Oxidation

Accorcing 0 the conventicral scaling theory for MOS ‘ransisicrs [15], the
Gate oxide thicxness decreases from 200A for 1.25 um CMCS :echnolcgy [16],
which have a 1.0 um effective cnannel lengths. to 7CA fcr 0.25 um [17] which
have 0.25 um effective channei lengths. Without a conccmmitant recduction
in supply vcltage from :he goresent 5V TTL ‘glue-chip’ ‘eveis reliability
prcblems in these thin insulaters will be a major issue in scaiing MOSFET's.
The desirable gate insulator shouid have good uniformity. smail defect
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censity, high dielectric breakccwn sirength, high charge-to-brea<down,
small interface trap density anc shcuid encure hot eiectrecn injectcn and
onizing racdiation withcut the cccurrence of high interface trap cde-sities
and fixed oxide charges.

To grew reliable thin gate ox.ces we must as a first conditicn prezare a

Si-Si0O, interface with a low ccrcentration of hydrogenated dangling tonds.

A high density of these bonds wculd not be detected in the initial electrical
characteristics of a MOSFET since the 'charge state’' of these bonds wculd be
neutral or latent. However, the electrical characteristics of the MGSFET's
may be higniy unstable since these hydrogen bonds can be broken 2y hot
glectrons and/or ionizing irracdiaticn. Thus, active cr 'charged' e-ectren
raps may be generated due to thsse dangling boncs. A seccnd conditicn is to
have a !cw aclive trap density sc aven f the traps become activate, tten ‘he
trapped charge is too small to a.ter the characteristics cf the MOSFET s.
The conventional single-wa:! oxication method irntroduces defects or

impurity traps in the oxide by aicwing the cdiffusicn of heavy metal icns and
mcbile aikaii ions through the cuariz :ube wail 18]. Also, a consicsrabie
amount cf mcisture is incorperaied inwc the oxice by the diffusion c¢f water
:hrough the single quariz wall.  Tc elimate these adverse ccr*c;““ns a
soecial tricie-wall oxication furnace system has Zeen desigred and

mplementec successfully [2]. 7Tnis new cxicaticn sysiem permits the :u.;c'v
cf the Si-SiC, interface with a contrc: on the ~umber of electronic Zefects
nrerent in the processing cf MCS cevices. Several authors have redcried
uitra-dry oxices, but they were crown ‘n dcuble-wall oxication furnaces [19].
A doutle-wail furnace can provice a FCl protective atomosphere in an outer
gap around the reaction chamcer to remove metal cerntamirants; hcwever,
such a technigue has been entirsiy sa:sfacwory since there is a tencency for
some ccniamination to occur cue ¢ water ¢r moisiure associates with
~alogen reacticn products.

The ‘ripie-wall oxidaticn system ccnsisis of 4 major paris: a

ricle-wall cxidation furnace ¢ a oreccmeustion furnace. a ccc o rap
zssembiy and a hygrcmeter mev F'g._*~ /A) sncws :he scrematc
ciagram anc Fig. 17 (B) is a zrct g ac ¢t the mple-wail ¢xicaticn sysiem.
The cusicm-cesigned, ‘riple-wal oxication ‘urnace tuce (E} s mace cf 3
concentric guartz tubes whose =nds are seziec together Cc ‘eave ¢aos
cetween each quartz tube. The coerzticn of this system has ceen Cescric
creviousiy T 2] and we have szen 3 ‘ight dielectric Creakccwn cisoutio
r 9.3 nm gate cxides around 3 —ean vaiue o *Z MV/cm.. Furthemcrs. ner
s very iitt'e avidence c¢f an imual cr oremature dreakccwn [20] wrch fas
sgen atriputed to ‘weak spcis’ in the ox:ide 3and associaied ‘arge ‘ccal
siectric fleics. We believe :mat zuch ‘weax< spots' anc pinnc.es are
minimized ‘cr the oxices grown in the ultra-ciean ‘riple-wail c¢x.caticn
‘urnace. T~e mean breakdcwn eieciric fielc is much *":igher :ran the
creviousiy reported values of 10-12 MV'cm. 21
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(a)
A. Pre-combustion Furnace Assembly F. White Elephant
B. Immersion Cocler G. Oxidation Furnace
C. Dewar and Quartz Cooling Coil H. Dewpoint Meter
D. TCA Apparatus l. Humidity Sensor
E. Triple-wall Furnace Quartz Tube J. Dessicant Chamber

(b

Photograph of Tripie-wall Oxidation System
1. White Eiephant
2. Triple-wall Oxidation Furnace
3. Oxidation Furnace
4. Pre-combustion Furnace Assembly

Fig. 17

- A’ Schematic diagram of the iripie-wall oxidation furnace system. (B) Photograph of the tripie-wall ox:¢iton furnace system.
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We have also obser/ed a higner charge-to-breakcdcwn, Qgp, Wit cx.des
grown in the triple-wall cxidation system. We have seen values of 45 C.cm?
at low current stress (0.1A/cm?2j approaching 18 C/cm? at high current
siress conditions (1A/cm?). There have been reporied values of larger Qg,'s

for ONO dielectrics [22], but these values for oxides are the highest repcrted
to date. We have also stressed insulators with Qgp values of 20 C/cm?2 under

the condition of high cxide electric fields (i.e. Fowler-Nordheim turneiing)
and found the interface trap density at midgap saturates at 4 x 10'?
traps/cm?2 which is considerably smaller than previous results [23] where the
trap density continued ‘o increase with stress. Finaily, we empicyed a
verticai field injector siructure [24' to study the buiic-up of the interface
trap cdensity in a mocerate oxice electric field (1 MV'ecm). The results
shown D, (mg) after stress increased from 8.6 x 10° traps/eV cm? tc 2.8 x
10'0 traps/eV cm? with a stress ¢i 3.4 C/cm2. This rate of interface trap
ceneration is about 1C°F which is 2 crcers of magnituce less than rscc-ted
values in the industry. Tnis restlt incicates 1B electrcns must pass hrcugh
‘he triple-wail grown oxice at 1 MV'cm oxide field befcre 1 interiace rap
is generated. We believe this is a direct consequence ci removing the laent
cefects in the oxide wiin the tripie-wall oxidation sysiem.
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2.32 Theory of the Hot Electron Capture Cross Section

A unified theory c¢f hot carrier trapping has been deveicced with the
concept of an average hot electron energy (g a E), where a is the mean-free
path of approximately 3.2 nm [25]. The approach is to start with the energy
balance equation and a colombic trap as shown in Fig. 18 , where the 'trap’
term is attributed to the Lax thecry of cascade capture [26], the
Pocle-Frenke! effect was includec by Dussel and Boer [27] and we have added
the average kinetic energy term [28]. The effect of this formulaticn is to
realize a unified theory of hot carrier trapping over a wide range of oxide
electric fields. In the very low field regime (< 0.1 MV/cm) the capture cross
section is constant with applied eleciric field and in the mccerate electric
field regime (<1 MV/cm) the caciure cross section varies as tre -3/2 power
with applied field. Finally, fcr the high field regime (> i MVicm; the
capture cross section varies with the -3 power of electric field. Previous
work by Ning offered an expianaticn for the high field dependence based upcn
an assumed cecendence of capiure cross secticn and energy [29.

Average Cnetic S5y

Peoin-Frenxel Eamer Lowenng
X%

{ \,
2 | -
"em i - ZErcos(B) . - IZk,T - S22 - oasD
ATX, 8,7 ! Ty TX,E, !
N /
Fotential  Electric Trap Pocie-  Average
Energy Field Fren) Kineti
= ! renkel inetic
Sarrier  Energy
Lowering

Fg. 18 Formulaticn of the Energy Eziance Eguation for the
ket Electrorn Capture Crcss Section c¢f a Colombic Trag. [28]
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The analytical cevelopment c¢f the capture cross section provces the
equations as shown in Fig. 19. The shaded regicns represent the acciticnal
contributions of the present theory and the capture cross section is shown
qualitatively as a function of oxide electric field. Fig. 20Q illusirates an
isometric view of the capture cross section under the applicaticn ¢f a 1.5

MV/cm oxide electric field. We have applied a graphical 2-D package to

illustrate the influence of oxide electric field on the capture cross section
of a Coulombic trar.
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Fig. 20 Hot Eiectron Trap Cross Section Depercence on Field
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2.33 Vertical Field Buried Channe!l Injector ([30]

The study of oxide traps under very low fields has several advantages
such as the elimination of electron heating and bulk trap creation with the
eventual hope of ccrrelating these traps with technolcgy variations. i we
examine the literature on trap capture cross sections, then we cbserve a
seeming mirage cf capture cross section data. A primary reason for this
cdiluge of data is, as we have seen from the previous section, the dependence
of capture cross secticn on the oxide electric field. Thus, it is imperative
for the researcher tc know the electric field conditions under which the
oxide trapping occurs and to be abie to contrcl these electric fields,
particularly in the icw field regime. Early experiments with two terminal
injectors, such as the avalanche injection technique [31], were unztie to
control independently the injection level and the oxide electric field. A 4-
terminal, surface channel vertical fielc injector has been used by several
investigaters [24] tc study charge trapcing in the gate oxide anc to control
indepencently the injection levei as weil as the electric fiel¢ in the cxide.
A major problem with the surface charnel structure is the need tc fcrm an
inversion layer to control the oxide electric field and, thus, this technique
is limited to oxide fields above 0.5 MV/cm. Furthermcre, these previous
techniques were limited to the electrical injecticn of ore carrier species.
In order to circumvent these problems and address the situction of carrier
injection at low oxide electric fields, we developed a novel substrate hot
electron and hot hole injection structure with a double-impianted buried
Channel MOSFET. Fig. 21 illusirates the cross section of the buried channel
hot carrier injector structure.

Injector Source Gate Drain Injector

I

paiy
4
2
A

Fig. 21 Couble lon-Impianted Buried Channel Injector




(A)

-23-

Thne cperaticrn cf the buried channel injector is shown in Fig. 22 where
hct electron irjecticn cccurs by a forward-biased acjacent dicde (injecier)
when the surface is in the accumulation mede. This permits the gate
voitage to be lcwered to the flatband vcltage and electrons mey be injectec
at even zero oxicde electric field. In the case of hcie injecticr., the gate is
biased to provide a hole inversion layer (supplied laterally by the subsirate)
and the channe! is maintained at a fixed potential. Punchthru is avoided by
the use of a cdouble implant. The resulting high surface electric field is
conducive for avalanche generation of holes and these holes are accelerated
to the oxide by the normal electric field. Fig. 23 illustrates hct eleciron
injection over a range of low eiectric fields (0 tc 0.5MV/cm: at a fixec
injection level (A) aﬂd for a fixed cxicde field (0.04 MV/cm) as the injection
level is varied ( ¢ ¢ mA) (B). This is an excellern: method tc examire the
capture crcss sectons over a wice range of eleciic fields. The capiure
cross-secticns measurec with technique are illustratec in Fig. 24,

Ve | ] I

S B A

—_— nn" P

Hot electron Injection Hot hole Injection

Fig. 22 Operation of the Buried Channel Het Car-ier Injecter
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Fig. 24 Experimental Determination of Capture Cross Secticns with
the Buried Charnei Hot Electron Injector

2.4 MOSFET Device Modeling Studies

In this section we will describe work which reiates to the study of
MOSFET devices, especially devices which are scaled with ONO dielectrics.
A novel method will be described which characterizes MOS Transistors with
mixed gate dielectric technologies. Current extraction techniques to obtain
physically-based model parameters must correct for the presence of the
gate capacitance. We present a method to correct lIyg vs Vg cata for gate

capacitance and, theredby, extract accurately low field carrier mobility and
surface roughness parameter. Next, we examine the lateral channel electric
field for a MOSFET in the vicinity of the drain junction with a pseuco
two-dimensicnal analysis. We derive formulae for the maximum electric
field and channel pinch-off distance which are impcrtant in the stucy of
cevice reliability. Finally, we examine nonuniform hct electrer injecticn in
veriical injector struciures because the extraction of parameters, such as
capture cross secticns anc trap densities. are sensitive to the uniformity of
the charge injection.

2.41 Model Parameter Extraction in Multi-Dielectric _Devices [1]

The work perfermed in this secticn was done by Richard Siergiej as part
of his Fr. D. research. In comparing different gate dielectric technclogies in
MQCS transistors, sucn as oxide-niride-oxide (ONO) and SiO, we must cevise
a normalizing methed to account for the difference in the physical
dielectrics.” Previous characterization techniques have ncrmalized the data
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by divicing the drain curren:, isg. ©Or the transccncuctance. ¢.,. by the
effective gate capacitance. C_.. However, If we apply these methods

Hos/Ces 9m/Copl to actual cevices to cetermine the acvaniagss and

disadvantages of mixed dieleciric sysiems (i.e. the carrier mcbiiity and
degree cf surface roughness as a function of the particular technciogy), then
we find an ambiguous interpretation of the data because these methods dc
not remove completely the dependence on dielectric capacitance. Our effort
has been to develope a method for comparing mixec dielectric sysiems with
the gcal of (1) removing the dielectric capacitance dependence in crder to
unambiguously extract the lcw field mobilty and the surface roughness
parameter, and (2) provide a method which is direct and easy tc imglement
in a computer-based data-accuisiticn system without the need fcr exiensive
numerical techniques.

The basic first order drain current equaticn, negiecting the infiuence cf
interface traps, for small drain biases may be written as,

po{ F)Cess(Vos — Vra)Vbs

Ips = o — s
1+ 9,;_VG5 — Vrg =20 20F + Vs,

where u, is the low field mobiiity. W and L are the MOSFET wicn anc length.
respectively, 6 is the surfacs rcuchness cr scattering parameter and A is
the body-effect parameter. The transconductance g, can be cotained by
differentiation of (7) to obtain,

dips W a
= = urs{—=)Cuts V] (&)

where the field-effect mcebility is.

poll + Xd,v20F + Vss] (<)
HFE = 1709, (Vas — Veg - 2Av/20F = Vsa |

and the surface scattering parameier may be expressec as

) Ko o _ AT

= — Lo = —T -

' Q.KsteHEc, hoN-m*

in terms of the criticai eleciric fieic. E_.. ior mobility cegracauon. The
parameters '\ and 'I' describe the mean asperity neight anc correlation

length, respectiveiy, for a Gaussian cisuvibuticn of suriace asperities (9! A
chysical picture cf the Si-SiO, interiace may be obtained with sucn modei
parameters and related to the paricuiar selecticn of technclecgy. In fact, on
this very point there has been consicerable discussion with Japanese firms.
such as Hitachi and Toshiba. to uncersiand why one type of ONO techrolcgy




. -26-
provides improved MOSFET eiectrical characteristics as compared with
other technologies. These companies have discovered the oxicized LPCVD
nitride films (i.e. these are the fiims we have been stucdying on the ONR-SDI
program and Hitachi refers to these films as ONO stacked nitride) offer
superior performance to other apcroaches, such as the ammonia and nitrogen
treated ONO films. One such explanation (offered by Hitachi) is the cdecrease
in nitrogen (4% at.wt.) at the Si-SiO, interface as compared with the

build-up of nitrogen in the other ONO films (8% at.wt.). This is believed to
be due to the prolonged time at high temperatures for the ammonia and
nitrogen annealed oxides. In addition, the transconductance and extracted
mobilities are higher for the stacked nitride ONO films. We believe these
films may be the approach for ceep submicron devices due to their superior
dielectric properties and their overall ability to withstancd hot carrier
injection and irradiaticn. This cpinion is shared by the above-mentioned
Japanese companies [32].

If we simply divide the transconductance by the effective capacitance tc
compare a particular ONO techrecicgy with ancther or tc a sc-called pure
oxiCe when each techncicgy has dielecirics with different film thicknesses,
then errcneous conciusions car be drawn since this formulation cces nct
remove completely the dependerce of the transconductance on the dielectric
thickness. An examination of the effective mobility in Eguation (8) reveals
a thickness dependence through the Og term in the dencminator. The O¢

term is independent of thickness sirce A = v2Ks€aNs/Cess- Our approach [1] is
to divide the drain current, lyg, by the square root of g,,C, to cotain,

IDS - \J “u(%ﬁf’b_s—_ (VGS _ VTH)_ (1 1 )
gmCers (1+2\,v20F + Vin)

where the slope 'm' is indepencent of dielectric properties. Tnus, we may
use Equation (8) to compare insulator technologies by plotting 1/mé versus
[20c + Vgg]"'? as shown in Fig. 25. The intercept on the ordinate gives the
lcw-field electron mcbility. u,. and the slooe combined with the intercept
gives information on the surface roughness. The pure oxice sample (OX-1) is
an ultra-dry oxide with oxide thickness of 237A and an extracted low-field
mcoility of 542 c¢m?V-s with a critical velocity v = E_ug= 4.2 x 1C3cm/s.
The stacked nitride ONO sampie had an effective oxide thickness of 201A
with an extracted low-field motiiity of 588 cm?'V-s and a critical veiocity
v..=8.9 x 108cm/s which is twice the pure cxide sample. Thus. the ONO
stacked nitrice dielectric has more than twice the resistance to mobility
degradation than its pure oxide dielectric counterpart. The critical velocity
consists of fundamental constanis and surface related modeling parameters
as we can see from Equation (10).
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Fig. 25 Ccmparison c¢f Ultra-cry and Stacked Nitrice ONO Tecnncicgies

2.42 Analytical Model of a LDD MOSFET (33!

The work repcrted in this section is part of Yin Hu's research for her
FPh.D. degree in the area of solid-state devices. A new analytical model for
the lateral channel electric field in LDD MOSFET's has been developed from a
pseudo-two-dimensicnal analysis. The model gives a prediction of the
channel electric field when the lightly doped drain (LDD) region is both fully
depleted and partially depleted. The normal field mobility degradation and
variation of the saturation field E_,, with gate voltage have been considered
in the model. The model also predicts the variaticn of the pirch-off point,
L,,.. with gate bias. Fig. 26 illustrates the cross section of a
fully-cverlapped LDD MOSFET device which is analyzed by ccntructing a
rectangular Gaussian bex with infinitesimal thickness at a gereral pcsiticn
aiong the channel. The electric fieids at the bouncaries cof this general siice
are specified by selecting the top of the box as the Si-SiO, interface and the
coticm of the box as a cepth X'\ which may be cifferent from :he depth of
the LDD junction x. The former has been determined from a 2-D cevice
simulation [33] which reveals the normal fieid in the buik cannot ce negiectec
as by previous researchers [3438. In our medel we consider the normal fielc
at the bottom of the Gaussian box, the saturation eiectric field as a functicn
cf Vsg, iteratively determine the pinch-off point, L..,, and incluce the series
resisiance, R, associated with an undepleted LDD region. Fig. 2 illustrates
lateral channel electric field as a function of distance and a comparison
with the numerical simulator MINIMOS [36].
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Cross section of a fuily overlapped LDD MOSFET struciure near
the drain. The region of interest is snown encloseq by the Jashed line.
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Induced Degradation

The work reperted in this section was perfermed by Richard Booth who
has completed his Ph.D. and is currently a postdoctoral researcher at IMEC in

Leuven, Belgium.

Since we use vertical field injector structures to inject

hot carriers intc the gate insulator we have investigated the case of
symmetrical vs. asymmetrical hot-electron injection into MOS Transistors.

The effect of nonuniform

channel

transistors have been

injection
characteristics of long channel MOS Transistors has been examined.
symmetrically

the electrical
Long
injected with carriers

and trapping on

introduced from adjacent dicce stripes which are paralle! to the length of

the transistor.

Asymmetricai injecticn is performed by intrcducing carriers
from diodes which are closer to the drain of the cevice under test.

The rate

of change in the extrapolatec threshcid voltage is higher fcr asummetrical

injection. since the same amount ¢f injected charge is
smailer portion of the channe! region.

suomitted ¢ a

The maximum transccornduciance rises

over the period cf stressing fcr the asmmetrical injection situation, wrile

the

transconductance consisiently decreases

with stress time for

symmetrical injection [37] as iilustrated in Fig. 28 . We expec: the threshold

voltage to increase more rapicly for

the asymmetrical devices fcr the same

injected electron density because a portion of the channe! (i.,e. a
'sub-transistor’) has a higher injected carrier density per unit area. The
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transconcuctarce increase and cecrease may be explaired with a simple twe
transistor model [38] which represents the degraded ard undegraded porticns
of the transistor connected in series. The measured transconduciance cf the
device itself is dominated by the transconductance of the sub-transister
with the lowest conductance. Near threshold the higher thresheid voltage ¢f
the degraded sub-transistor is the important factor ard since the effective
channel length of this transistor is very small (i.e. a high concuctance), we
see the transconductance peak shift positive in the asymmetrical injection
case. In contrast, for the case of symmetrical injection, we have z
continual transconductance degradation or a shift in the regative direction.
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Change in (a) threshold voitage and (b) Tansconducazes vs aormalized .n,ec‘:u g!c:rpn dgnsx':y
tor devicss mth initiai oxide thickness of 225 A, Devices 13 and 1§ were asymmetriczily ‘njectad: deviess 9
and |1 were symmetricaily mnjected.
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3.0 OTHER ACCOMPLISHMENTS

In this section we describe the papers published during the previous ONR-SDI program,

the graduated Ph.D. students and the Technology Transfer to Industry.

[3%]

(%)

n

~1

10.

3.1 PAPERS PUBLISHED - ONR CONTRACT

U. Sharma, R. Booth and M. White, "Static and Dynamic Transconductance of
MOSTETs", IEEE Trans. Electron Devices. Vol. 36, 5. May 1989.

U. Sharma and M. White, "lonizing Radiation Induced Degradation of MOSFET Channel
Frequency Response”, IEEE Trans. on Nucl. Sci.. Vol 3. June 1989.

U. Sharma, R. Booth. and M. White, "A Time-Dependent Parameter Acquisiton System
for the Characterization of MOS Transistors and SONOS Memory Devices”, IEEE Trans.
Instr. and Meas.. Voi. 38. 1. March 1989.

A. Roy, F. R. Libsch and M. H. White. "Electron Tunneling from Polysilicon Asperities
into Polyoxides”, Solid-State Eleconics. Feb. 1989.

A. Roy and M. H. White, "Elecron and Hole Charge Separation with a Dual Channel
Transistor", 47th IEEE Device Research Conference. June 1989.

S. Yoon and M. H. White, "Study of Thin Ulma-Dry Oxides Grown in Custom-designed
Triple-Wall Oxidation Furnace Sysiem”, presented at the 175th Electrochemical Societv
Meeting, Los Angeles, CA, May 1989.

Anirban Roy and Marvin H. White. "Eleciron and Hole Charge Separation with a Dual
Channe! Transistor”. [EEE Transactions on Elecron Devices, Vol. 36. 11, November
1989.

Sukyoon Yoon and Marvin H. White. "Study of Thin Ulra-Dry/Clean Oxides Grown in
a Custom-Designed Triple-Wall Oxidation Furnace”, 20th [EEE Semiconductor Interface
Soecialists Conference. December 1989.

Yin Hu. Richard V.H. Booth. and Marvin H. White. "An Analytical Mode! for the Lateral
Channe! Electric Fieid in LDD Structures”, IEEE Transactions on Electron Devices. Vol.
37. 10. October 1960.

Sukyoon Yoon and Marvin H. White. “Study of Thin Guate Oxides grown in an Ulma-
Dry/Clean Triple-Wail Oxidation Furnace System”. Journal of Electronic Materials. Vol.
19. Nov. 1990.
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A. Roy and M. H. White. "A New Approach to Studv Elecmon and Hole Charge
Separation at the Semiconductoi-Insulator Interface”, IEEE Transactions on Electron
Devices, Vol. 37, No. 6, April 1990.

Frank R. Libsch and Marvin H. White, "Charge Transport and Storage of Low
Programming Voltage SONOS/MONOS Memory Devices”, Solid-State Electronics. Vol.
33, 1, 105-126, Jan. 1990.

Richard Booth and Marvin White. "Simulation of a MOS Transistor with Spatially
Nonuniform Channel Parameters”, IEEE Transactions on Computer-Aided Design. Vol.
9. 12, Dec. 1990.

R. R. Siergiej, S. Yoon and M. H. White, "A New Methcd of Interface Trap Modeling
in Quantized MOSFET Inversion Layers”, 1991 IEEE Device Research Conference.
Boulder, CO, June 1991.

Sukyoon Yoon, Richard Siergie; and Marvin H. White, "A Novel Subsoate Hot Elecoren
and Hole Injecdon Stucture with a Double Implanted Buried Channel MOSFET". 1991
[EEE Device Research Conference. Boulder, CO. June 1681,

R. R. Siergiej and M. H. White. "A Novel Method to Charac:erize MOS Transistors with
Mixed Gate Dielectric Technologies”, JEEE Transactions on Electron Devices
(Correspondence?}. submitted for publication, May 1991.

Richard Booth, Sukyoon Yoon, Marvin White and Donald Young, "Comparison of
Symmetrical and Asymmetrical Hot-Electron Injecdon in MOS Transistors”, [EEE Solid-
State Electronics. 1991.

Anirban Roy and Marvin H. White. "Determinadon of the Trapped Charge Distribution
in Scaled Silicon Nimide MONOS Nonvolatle Memorv Devices by Tunneling
Spectroscopy”, Solid State Electronics. 1991.
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3.2 GRADUATED Ph.D STUDENTS

Anirban Roy, "Characterization and Modeling of Charge Trapping and Retention in Novel Mult-
Dielectric Nonvolatile Semiconductor Memory Devices”, 1989.

Frank Robert Libsch, "Physics, Technology and Electrical Aspects of Scaled MONQS/SONOS
Devices for Low Voltage Non Volatle Semiconductor Memories (NVSMs)”, 1989.

Richard Van Hoesen Booth, "Simulation and Measurement of Hot-Carrier Injection and
Degradaton in Short Channel MOS Transistors”, 1989.

Umesh Sharma. "An Investigation of lonizing Radiation Induced Charge Trapping and Interface
Trap Generation”, 1989




3.3 Technology Transfer to Industry

In this past program we were able to transfer ncnvolatile semiconductor
memory to several companies. In particular, Westinghouse Eleciric Corp. in
Baltimore, MD. has received cocperation and informaticn with regards to the
scaling of SONOS cdevice structures. The optimum selection of insulater
thicknesses combined with techniques of characterization (e.g. the linear
voltage ramp and pulsed C-V methcds) are typical areas of technciogy which
have been transferred to Westinghouse. There have been jcint efforts to
understand the effects of scaling nonvolatile memory cevices tc the extent
Westirghouse will often perform scecial operations (e.g. hydroger annealing)
to wcrk in a coliabcrative manrer. For example, Wesiinghcuse recently
proviced Lehigh with custcm phcicmasks to permit the fabricaiion cf p+
griddec wafers for C-V evaluaticn. Another example cf technoicgy transter
is with SIMTEK Corp. in Ft. Ccllirs. CO. where we have sieried a pregram cf
techncicgy transfer tc enable SIMTEK to scale their SONQOS cevices to
programming voltages belcw 1QV. Westinghouse is primarily a military
supplier of custom I.C.'s while SIMTEK is more focused cn the commercia
[.C. arena.
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8.0 The Sherman Fairchild Microelectronic Research Laboratory

The Sherman Fairchild Center for Solid-State Studies was established in the Fall of 1976
with a $5.2M grant from the Sherman Fairchild Foundation to provide an interdisciplinary staff
of faculty and students for research in solid-state. A central theme of the Center is the nature
and role of defects in insulators and semiconductors. A description of the grant reads, "..to
strengthen and further develop a program of excellence in solid-state education and research for
both undergraduate and graduate students.”. Today, the Sherman Fairchild Center is
characterized by 15 interdisciplinary faculty and 30 graduate students in solid-state studies. There
are 3 endowed chairs (physics, materials science and electrical engineering) held by George
Watkins, Ralph Jaccodine and Marvin White, respectively. Fig. 1 illustrates the Sherman
Fairchild Center of Solid-State Studies.

Fig. 1 Sherman Fairchild Center
for Solid-State Studies

Inside the Sherman Fairchiid center there exists a 3.000 sq. ft. Microeiecoronics Research
Laboratory (Class 10.000 open spacss with Class 100 workstations) with 2 primary emphasis on
CMOS I.C. technology. The initiation of a design begins with simulaton pregrams (e.g. SPICE.
SUPREM, PISCES. etc.) resident on the Center’s SUN Workstaton Network. The lavout and
design is accomplished with 3 SUN SPARC Workstations using Mentor Grapnics GDT design
tools. Fig. 2 shows the SUN SPARC Workstaton/Network Server, 1 SPARC Staton TPC. both
equipped w/color monitors. and a SPARC Station SLC.




Fig. 2 SUN SPARC | Workstations

Fig. 3 illustrates a CMOS test vehicle with micrometer feature sizes fabricated with ion-
implanted, n-well technology and polysilicon gate electrodes. The test vehicle serves as a multi-
project chip with students participating in the design and layout of the mask set. The chip is
fabricated with a 9 mask photolithograph set including 'scrawch-pad’ protect. This technology
has been employed in the past few years for such projects as CMOS transistor modeling of
threshold voltage, transconductance. mobility, output conductance, and propagation delay
characterization. In addition, low wmperatre device studies (1.7K-300K) are performed with
this mask set. With the addition of other masks to the basic sequence, we have fabricated CMOS
operational amplifier-pH sensor systems and studied nonvolatile semiconductor memory devices.
The CAD software of the SUN SPARC Station post-processes for the EBES (Electro-Beam
Exposure System) which generates 4" chrome working plates for 3" silicon wafer processing,



Fig. 3 CMOS Multi-Project Chips n-well.
3 micrometer feature sizes (11.3mm x |1.4mm)
9 mask steps

The photolithography consists of positive resist and the following contact aligners. shown
in Fig, 4. 1) two Cobile 400°s. 2) a Karl Suss MJIB3 equipped for a resolution »f 0.6 micron. and
3 a Research Devices infrared aligner. Fig, 5 illustrates diffusion fumaces for boron and
phosphorus and oxidation tfumaces. Fig. 6 shows the custom iow-pressure chemical vipor
deposition system (LPCVD) which is employed for the polysilicon. silicon nitride. and low
temperature oxides. The combined LPCVD/plasma ewcher and deposition system is computer-
controlled with 4 microprocessor board serving as 4 smart peripheral to an HP-85, Menu-dniven
programs in BASIC permit education and research 1o be carried out on multi-layer tiims of
variable composition and thicknesses, A typical SONOS structure Jor nonvelatile se:miconducior
me:mory research may require a nimide hickness of 50 10 100A with graded composition. Fig,
C illustrates a RF magnetron metallization svstem emploved in the CMOS fabrication seguence,
Fig. 8 illustrates a 3-wall gate oxidation furnace to prepare desect-tree oxides oy removing ionic
contamination. Fig, 9 shows the 205 KeV Extrion ion implantation system for the muitiple
implants,



hotolithography

Fig. 4 P

Diffusion and Oxidation Furmaces
(Boron and Phosphorus)

3

Fig.
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Fig. 6 Custom LPCVD/Plasma System

Fig. 7 Metallizadon




Fig. 8 Custom 3-Wall Oxidatdon
Furnace for Defect-Free
Gate Insulators

Fig. 9 lon Implantadon Svstem




Analytical characterization of microelectronic devices is performed with a Scanning
Electron Microscope (Fig. 10) and a High Resolution 300KV Scanning Transmission Electron

Microscope (Fig. 11) to obtain atomic resolution of interfaces.

Fig. 10 JEOL 840F High Resolution SEM
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Fig. 11 STEM Philips 430
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After the device structures are fabricated they are characterized with a computer-aided
date acquisition system. The basic system uses HP-9836 and HP-900 microcomputers with [EEE
488 (HP-IB) peripherals for data acquisition, analysis and display. Fig. 12 illustrates the HP-
9836 operation with a probe-stand, and RK-81A semi-automatic prober, and an HP-4145
Semiconductor Parameter Analyzer. The software is a menu-driven TECAP program which has
been customized to serve the needs of the laboratory. Fig. 13 illustrates another HP-9836
computer interfacing with an HP-3577A Network Analyzer and Tektronix-7854 digiuzing scope
for high-speed and high-frequency analysis. The low temperature measurement system (1.7K-
300K), seen in Fig. 14 consists of a Janis Helium dewar, an Air Products Cryo Pump, and a 4K
Gauss electromagnet. Charge pumping measurements on MOS transistors are made at various
temperatures using the HP8115A dual channel pulse generator and a Keithley 616 electrometer
under menu driven control from an HPS000 computer.

Fig. 12 Computer Aided Data Acquisition
and Modeling (HP-9836. HP-4145)

Fig. 15 shows the various C-V measurement methods we exercise in examining the
quality of dielectrics and interfaces. Quasi-static C-V measurements are made with an HPS116A
function generator and a Keithley 616 electrometer. Arbimary frequency C-V is accomplished
with an HP4192A impedance analzer and an HP4280A C-V meter. High temperature C-V
capability (300C) is useful to track the quality of contaminaton control in our processing.
Custom built pattern generator and threshold detect circuitry, seen in Fig. 16. is used to monitor

developments in our non-volatile memory research.




Computer Aided Data Acquisition
(HP-9836. HP-3377A. TEK-7354)

Shows a cryoelecaonics research

station for low-temperature Jdevice
charactenization
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Graduate student research in microelectronics is an interdisciplinary approach as each
student uses and develops simulation programs to characterize the device-technology interface,
designs and lays out test device structures (sensors, devices, circuits), fabricates the structures,
and performs test and evaluation with computer-aided data acquisition and analysis. The total
experience, namely, design-simulation-fabrication-test, is the core aspect of our microelectronics
program, and within this framework each student selects a control theme. For example, a student
may wish to concentrate on the device-technology interface with studies of hot carrier injection;
however, the study may involve unique test structures and circuits on the chip. Another student
may wish to examine the device-circuit interface with studies in nonvolatile semiconductor
memory devices and erase/write/read operation. A particular thesis will generally involve all of
the above aspects, however, the student will concentrate on a particular area.

A ‘hands-on’ graduate laboratory course (Advanced Microelectronics Fabrication
Laboratory) exposes the graduate students to safety procedures, chemical cleaning methods,
photolithogrpahy techniques, oxidation and diffusion, plasma etching, LPCVD of polysilicon and
silicon nitride, ion-implantation, metallization. and chip separation packaging. In this course, the
students perform a complete CMOS fabrication sequence with in-process simulators (SUPREM),
and final evaluation of process monitors and devices.




